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(57) ABSTRACT

A calibration device includes a part for controlling a pro-
jection device to project a pattern onto a three-dimensional
object having characteristic points, a part for controlling an
imaging device to acquire 1mages wherein the three-dimen-
sional object with the pattern projected thereon 1s 1maged
from i1maging directions, a part for estimating a relative
position and attitude of the imaging device with respect to
the three-dimensional object based on positions of the
characteristic points of the three-dimensional object on the
images, a part for estimating retlection positions of projec-
tion light rays corresponding to characteristic points of the
pattern on the three-dimensional object based on positions of
the characteristic points of the pattern and the relative
position and attitude of the 1maging device, for each 1image,
and a part for identifying positions and directions of the
projection light rays corresponding to the characteristic
points of the pattern based on the reflection positions.
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CALIBRATION DEVICE, CALIBRATION
METHOD, AND NON-TRANSITORY

COMPUTER-READABLE RECORDING
MEDIUM

BACKGROUND OF THE INVENTION

1. Field of the Invention

An aspect of the present invention relates to at least one
of a calibration device, a calibration method, and a non-
transitory computer-readable recording medium.

2. Description of the Related Art

Conventionally, a three-dimensional measurement tech-
nique based on a stereo method has been applied 1n a wide
ficld. Herein, there are mainly a passive measurement
method and an active measurement method for a three-
dimensional measurement method based on a stereo method.

In an active measurement method, while a particular
pattern 1mage 1s projected onto a measurement target, the
measurement target 1s 1maged from a viewpoint diflerent
from a projection viewpoint and a correspondence between
a projected pattern image and a pattern 1mage on an 1maged
measurement target 1s made. Then, a distance to the mea-
surement target 1s calculated by a principle of triangulation
based on a position of a picture element at a corresponding
point of each 1image, an mternal parameter (such as a focal
length, a position of an optical axis, or a lens distortion) of
an optical system ol each of a projection device and an
imaging device, and an external parameter thereotf (a relative
position or an attitude of the projection device and the
imaging device) (for example, Japanese Patent Application
Publication No. 2011-141174).

Herein, preliminary acquisition of an internal parameter
and an external parameter as described above prior to a
three-dimensional measurement 1s referred to as a “calibra-
tion”.

In a calibration 1n an active measurement method, after a
pattern 1image projected on a projection surface for calibra-
tion 1s normally 1maged by an 1imaging device, a correspon-
dence of the pattern 1mage 1s made among a screen for
calibration, a projection surface of a projection device, and
an 1maging surface of an imaging device, and based on a
result thereot, internal and external parameters are acquired
(for example, Japanese Patent Application Publication No.
2001-320652).

A precondition of such a calibration method 1s that 1t 1s
possible for an optical system of a projection device to be
approximated by a pinhole camera model (a central projec-
tion method 1n such a manner that projection light rays pass
through one particular point), but a commercially available
projection device may have an optical system differing from
the pinhole camera model.

For example, Japanese Patent Application Publication No.
2008-165202 discloses a short focus projector using a con-
cave mirror that does not condense projection light rays at
one point 1n order to reduce degradation of an optical
performance thereotf at a lower cost, but 1t 1s not possible to
apply a conventional calibration method to a three-dimen-
sional measurement device using such a projector.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, there 1s
provided a calibration device, including a pattern-for-cali-
bration projection part configured to control a projection
device to project a pattern for calibration onto a three-
dimensional object for calibration that has a plurality of
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characteristic points, an object-for-calibration 1maging part
configured to control an 1imaging device to acquire a plu-
rality of 1images wherein the three-dimensional object with
the pattern for calibration projected thereon 1s 1maged from
a plurality of imaging directions, a position attitude estima-
tion part configured to estimate a relative position and
attitude of the imaging device with respect to the three-
dimensional object based on positions of the characteristic
points of the three-dimensional object on the plurality of
images, a retlection position estimation part configured to
estimate reflection positions of projection light rays corre-
sponding to characteristic points of the pattern for calibra-
tion on the three-dimensional object based on positions of
the characteristic points of the pattern for calibration and the
relative position and attitude of the imaging device being
estimated, for each 1mage, and a projection light ray 1den-
tification part configured to 1dentity positions and directions
of the projection light rays corresponding to the character-
1stic points of the pattern for calibration based on a plurality
of the reflection positions estimated for the plurality of
1mages.

According to another aspect of the present invention,
there 1s provided a calibration method, including a step of
controlling a projection device to project a pattern for
calibration onto a three-dimensional object for calibration
that has a plurality of characteristic points, a step ol con-
trolling an 1maging device to acquire a plurality of 1images
wherein the three-dimensional object with the pattern for
calibration projected thereon 1s imaged from a plurality of
imaging directions, a step of estimating a relative position
and attitude of the imaging device with respect to the
three-dimensional object based on positions of the charac-
teristic points of the three-dimensional object on the plural-
ity of 1images, a step of estimating retlection positions of
projection light rays corresponding to characteristic points
of the pattern for calibration on the three-dimensional object
based on positions of the characteristic points of the pattern
for calibration and the relative position and attitude of the
imaging device being estimated, for each 1image, and a step
of identilying positions and directions of the projection light
rays corresponding to the characteristic points of the pattern
for calibration based on a plurality of the retlection positions

estimated for the plurality of images.

According to another aspect of the present invention,
there 1s provided a non-transitory computer-readable record-
ing medium storing a computer program configured to cause
a computer to execute the calibration method as described
above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a functional block diagram of a calibration
device 1n the present embodiment.

FIG. 2A and FIG. 2B are conceptual diagrams for illus-
trating an optical system diflering from a pinhole camera
model.

FIG. 3 15 a flowchart for illustrating a process executed by
a calibration device 1n the present embodiment.

FIG. 4 1s a diagram for 1llustrating a pattern for calibration
in the present embodiment.

FIG. 5 1s a diagram {for illustrating an object for calibra-
tion in the present embodiment.

FIG. 6 1s a conceptual diagram for 1llustrating a process
executed by a reflection position estimation part in the
present embodiment.




US 9,739,603 B2

3

FIG. 7 1s a conceptual diagram for illustrating a process
executed by a projection light ray i1dentification part in the
present embodiment.

FIG. 8 1s a diagram for illustrating a filter used by a
projection light ray correction part in the present embodi- 53
ment.

FI1G. 9 1s a diagram for illustrating a pattern for calibration
in the present embodiment.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

10

Although an embodiment of the present invention will be
described below, the present invention 1s not limited to the
embodiment described below. Here, an 1dentical reference 15
numeral 1s used for a common element 1 each figure
referred to below and a description thereof will be omitted
approprately.

FI1G. 1 illustrates a functional block diagram of a calibra-
tion device 100 that 1s an embodiment of the present 20
invention. In FIG. 1, a projection device 200 and an 1maging
device 300 are optical devices that are used for a three-
dimensional measurement (active measurement method)
based on a stereo method.

For the imaging device 300, 1t 1s possible to refer to a 25
digital camera with an 1maging element such as a CCD or a
CMOS, and to have an optical system of a pinhole camera
model wherein light rays pass through one 1imaging view-
point (that will be referred to as a pinhole optical system,
below) as 1llustrated 1n FIG. 2A. 30

On the other hand, for the projection device 200, it 1s
possible to refer to a short focus projector, and a configu-
ration 1s adopted for reflecting from an aspheric retlection
mirror and projecting onto a screen light that has transmitted
through a short focus projection lens, 1 order to wide- 35
project a picture onto a screen arranged adjacently. Accord-
ingly, the projection device 200 has an optical system
differing from a pinhole camera model wherein not all light
rays intersect at one point (that will be referred to as a
non-pinhole optical system, below), as illustrated 1n FIG. 40
2B.

In the present embodiment, a three-dimensional object for
calibration (that will be referred to as an object for calibra-
tion, below) 1s prepared for calibration. Here, a position of
an object for calibration in a three-dimensional coordinate 45
system 1s measured preliminarily and known.

In the present embodiment, a pattern for calibration 1s
projected from the projection device 200 onto an object for
calibration and the imaging device 300 images the object for
calibration with the pattern projected thereon, on a condition 50
that a relative position and attitude of the projection device
200 and the 1maging device 300 are fixed for calibration.

Herein, for the calibration device 100 in the present
embodiment, 1t 1s possible to refer to an information pro-
cessing device that 1s capable of communicating with and 55
connected to both the projection device 200 and the 1maging
device 300, and a position and direction of a projection light
ray projected from the projection device 200 that has a
non-pinhole optical system (that 1s, an equation for repre-
senting a projection light ray) 1s identified. 60

As 1llustrated 1n FIG. 1, the calibration device 100 in the
present embodiment 1s configured to include a pattern-for-
calibration projection part 10, an object-for-calibration
imaging part 12, a storage part 13, a position attitude
estimation part 14, a reflection position estimation part 16, 65
a projection light ray identification part 18, and a projection
light ray correction part 19.

4

The pattern-for-calibration projection part 10 reads out a
predetermined pattern for calibration from the storage part
13 and controls the projection device 200 1n such a manner
that the pattern for calibration 1s projected onto a three-
dimensional object that 1s prepared for calibration (as
described below).

The object-for-calibration imaging part 12 controls the
imaging device 300 1n such a manner that a three-dimen-
sional object with a pattern for calibration projected thereon
1s 1maged to acquire, and store 1n the storage part 13, an
imaged 1image. Herein, in the present embodiment, a relative
imaging direction of the imaging device 300 with respect to
an object for calibration 1s changed M times (wherein M 1s
an 1nteger equal to or greater than 2), and the object-for-
calibration 1maging part 12 acquires, and stores in the
storage part 13, M imaged images.

The position attitude estimation part 14 reads an 1imaged
image acquired by the imaging device 300 from the storage
part 13 and estimates a relative position and an attitude of
the 1imaging device 300 with respect to an object for cali-
bration.

The reflection position estimation part 16 estimates a
reflection position of a pattern for calibration based on a
relative position and an attitude of the imaging device 300
that are estimated by the position attitude estimation part 14.

The projection light ray i1dentification part 18 1dentifies a
position and a direction of a projection light ray projected
from the projection device 200 that has a non-pinhole optical
system, based on a retlection position of a pattern for
calibration that 1s estimated by the reflection position esti-
mation part 16.

The projection light ray correction part 19 corrects a
position and a direction of a projection light ray that are
identified by the projection light ray identification part 18.

Each functional part that composes the calibration device
100 1n the present embodiment has been generally described
above, and subsequently, a content of a process that is
cooperatively executed by each functional part described
above will be described based on a flowchart 1llustrated 1n
FIG. 3. Here, reference to FIG. 1 will be provided appro-
priately 1n the following description.

At step 101, the projection device 200 reads out from the
storage part 13, and projects onto a preliminarily prepared
object for calibration, a pattern for calibration.

FIG. 4 illustrates a checker pattern as one example of a
pattern for calibration used 1n the present embodiment. This
will be referred to as a pattern for calibration 50 below.

On the other hand, FIG. 5 illustrates one example of an
object for calibration prepared 1n the present embodiment. A
condition for an object for calibration 1n the present embodi-
ment 1s that a surface thereof has N characteristic point(s).
An object for calibration 60 illustrated 1n FIG. 3 1s provided
with a curved surface and a plurality of circular patterns 62
as characteristic points are drawn on the curved surface.
Here, 1n the present embodiment, a shape of the object for
calibration 60 and a position of each circular pattern 62 in a
three-dimensional coordinate system are preliminarily mea-
sured by an appropriate method prior to calibration and
known. Otherwise, 1n a case where a calibration object 1s
created by a 3D printer, it 1s possible to know a position(s)
ol a characteristic point(s) 1n a three-dimensional coordinate
system by using design values (CAD data) of the calibration
object that are used for an input thereof.

The following steps will be described for a case where the
pattern for calibration 50 illustrated in FIG. 4 and the object
for calibration 60 illustrated in FIG. 5 are used as an
example.
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At a subsequent step 102, the object for calibration 60
with the pattern for calibration 50 projected thereon 1s

imaged by the imaging device 300, and the image 1s stored
in the storage part 13 (after correction of a lens distortion 1s
applied to the imaged image according to need).

At a subsequent step 103, whether or not the number of
images reaches M 1s determined. As a result, 1n a case where
a determination 1s provided in such a manner that the
number of 1mages does not reach M (step 103, No), the
process goes to step 104.

At step 104, a three-dimensional position of the object for
calibration 60 1s changed. Herein, a three-dimensional posi-
tion of the object for calibration 60 may be changed manu-
ally or may be changed by fixedly mounting the object for
calibration 60 on an appropriate driving stage and control-
ling the driving stage. In essence, at step 104, it 15 sutlicient
to change a relative position and/or an attitude of the object
for calibration 60 with respect to the imaging device 300, or
in another embodiment, such a relative position and/or an
attitude of the object for calibration 60 with respect to the
imaging device 300 may be changed by moving the imaging
device 300 (and the projection device 200) on a condition
that a three-dimensional position of the object for calibration
60 15 fixed.

In the following, steps 101-104 are repeated until a
determination 1s provided at step 103 in such a manner that
the number of 1mages reaches M, and at a time when the
number ol 1images reaches M (step 103, Yes), the process
goes to step 105. At this time, M 1imaged images of the object
for calibration 60 are stored in the storage part 13.

At step 105, the position attitude estimation part 14
estimates a relative position and/or an attitude of the 1mag-
ing device 300 with respect to the object for calibration 60
in a camera coordinate system in accordance with the
tollowing procedure.

First, M 1maged images stored in the storage part 13
(imaged 1images of the object for calibration 60) are read and
positions of N characteristic points (centers of circular
patterns 62) 1n a camera coordinate system are acquired
from each 1maged image.

Herein, a relative rotation and/or translation of the imag-
ing device 300 1s/are considered as being caused wherein a
position of the 1-th characteristic point 1n the j-th 1imaged
image in a camera coordinate system is referred to as (x,",
y.’) and a position of the i-th characteristic point drawn on
the object for calibration 60 1n a three-dimensional coordi-
nate system 1s referred to as (X, Y,, Z.).

As a rotation matrix and a translation vector for the
imaging device at a time when the J-th image 1s 1imaged are
RY and t¥, an ideal imaging position (x',%”, y*.*) of the i-th
characteristic pomt (X, Y., 7Z,) drawn on the object for
calibration 60 1s calculated 1n accordance with the following
formula (1):

(1)

(L

y}r( N = K[Rm I(j)]

because the imaging device 300 has a pinhole optical
system. In the aforementioned formula (1), “=” indicates
equal or includes a constant multiplication.

In the aforementioned formula (1), K i1s an internal
parameter matrix for the imaging device 300 and 1s repre-

sented by the following formula (2):
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(S U o) (2)
K=[0 fy ¢
0 0 1

wherein a focal length (1, ) and a position of an optical
axis (c,, ¢,) of the imaging device 300 are used. Here, an
internal parameter K may be obtained preliminarily.

Herein, 1n the present embodiment, an evaluation function
1s provided by obtaining a sum of a square of a Euclidean
distance between an ideal imaging position (x.%, y')
calculated 1n accordance with the aforementioned formula
(1) and an imaging position (x,'’, y.*’) observed by the
imaging device 300 practically, with respect to N charac-
teristic point(s) and M imaged image(s), and K, RY’, and t*
are obtained 1n such a manner that this 1s mimmized.

As a result, a rotation matrix R¥7? and a translation vector
—RWHY (wherein T indicates transposition) for the j-th
imaged 1mage of the object for calibration 60 are obtained
and a relative position and/or attitude of the imaging device
300 with respect to the object for calibration 60 1n a camera
coordinate system 1s/are estimated.

At a subsequent step 106, the reflection position estima-
tion part 16 estimates a projection position of a projection
light ray corresponding to a characteristic point of the
pattern for calibration 50 on the object for calibration 60,
that 1s, a reflection position (a position in a three-dimen-
sional coordinate system) of the projection light ray on the
object for calibration 60, 1n accordance with the following
procedure.

First, while M 1maged images (1imaged images of the
object for calibration 60) are read from the storage part 13,
corners ol each of white and black square parts that compose
the pattern for calibration 50 are detected from each imaged
image as characteristic points, by using a Harris corner
detection method or the like, so that positions of the char-
acteristic points 1n a camera coordinate system are acquired.

Then, a reflection position of a projection light ray cor-
responding to a characteristic point of the pattern for cali-
bration 50 on the object for calibration 60 1s estimated from
a position of a characteristic point of the pattern for cali-
bration 50 1n a camera coordinate system as acquired in
accordance with the aforementioned procedure and a rela-
tive position and/or an attitude of the imaging device 300
with respect to the object for calibration 60 1n a camera
coordinate system as estimated at step 104.

Specifically, as 1llustrated in FIG. 6, a position of a point
where a straight line passing through an 1imaging center of
the 1imaging device 300 and a position (px, py) of a char-
acteristic point p of the pattern for calibration 50 1n a camera
coordinate system intersects a surface of the object for
calibration 60 is estimated as a position (gx, qy, qz)’ of a
reflection position q of a projection light ray corresponding
to the characteristic point p of the pattern for calibration 50
on the object for calibration 60 1n a three-dimensional
coordinate system.

After step 105 and step 106 described above are executed
for all of M 1imaged 1images stored 1n the storage part 13, the
process goes to step 107.

At step 107, the projection light ray identification part 18
identifies a position and a direction of a projection light ray
in accordance with the following procedure.

Specifically, as illustrated i FIG. 7, a position and a
direction of a projection light ray emitted from the projec-
tion device 200 are obtained by paying attention to one
characteristic point on the pattern for calibration 50, refer-
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ring to retlection positions q corresponding to an identical
characteristic pomt on the object for calibration 60
(which are diflerent for M positions and/or attitudes) as ql,
g2, 93, ..., gM, and fitting a straight line on a group of these
points by a least squares method. The aforementioned pro-
cedure 1s executed for reflection positions q corresponding
to all of characteristic points p on the pattern for calibration
50 and a position and a direction of a projection light ray
corresponding to each characteristic point p are obtained.

Although a procedure of the reflection position estimation
part 16 to estimate a position of a reflection position of a
projection light ray corresponding to a characteristic point of
the pattern for calibration 50 on the object for calibration 60
in a three-dimensional coordinate system has been described
above, 1t 1s also possible to use another method as described
below other than that described above.

Even when an optical system of the imaging device 200
1s a non-pinhole system as a whole, 1t may be possible for
it to be regarded as a pinhole system locally. Thus, 1n a case
where 1t 1s possible to apply a certain constraint to projection
light rays, 1t 1s possible for the projection light ray identi-
fication part 18 to identify a position and a direction of a

projection light ray 1n accordance with the following pro-
cedure at step 107.

First, a set of reflection positions q of the 1-th character-
1stic point of the pattern for calibration 30 on the object for
calibration 60, q1(1), g2(1), . . . , gM(1), as estimated by the
reflection position estimation part 16 1s acquired. Herein, a
direction cosine (a unit vector 1n a direction) and a passage
position of a projection light ray corresponding to the 1-th
characteristic point of the pattern for calibration 30 are
referred to as e(1) and a(1).

In a case where 1t 1s possible to apply a pinhole camera
model to projection light rays corresponding to the 1-th
characteristic point and the j-th characteristic point, a(1)=a(j)
1s held. By utilizing this fact, a problem of optimization
indicated by the following formula (3):

e . (3)
NSl - el )il - ati)
1

=AY

being mimimized subject to

a(i) =a(j) (i, j €3)

1s solved wherein a set of indices of projection light rays for
which an 1dentical pinhole camera model 1s held 1s referred
to as S.

That 1s, while passage positions of projection light rays
are constrained to be one point, a sum of squares of a
distance from a straight line of a projection light ray to an
estimated position of a reflection position 1s minimized. It 1s
possible to solve this problem of optimization by a repetitive
operation as follows.

First, an initial value 1s set at e(1) (1€S). For example, a
principal component analysis 1s applied to ql(1), g2(1), . . .
gM(1) and a direction of a first principal component 1s set at
¢(1). Then, a=a(1) (1€S) 1s obtained 1n accordance with the
following formula (4):

(4)

- Wi i A
Q- (Z wu‘)] 12 [%Z ai (D
. k=0 /

T=hY =S
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-continued
W) =1 —e(De(i)

Then, an eigen vector 1s obtained that corresponds to a
maximum eigen value of a next matrix for 1eS, and 1t 1s
assigned to e(1).

Updating of a passage position a in the alforementioned
formula (4) and updating of a direction cosine e(1) 1n an
cigen value operation 1n the following formula (5):

M (5)
> (gD - a)g(d) —a)
k=1

are repeated until a specified condition(s) 1s/are satisfied.
According to a method for executing a least squares
estimation based on a constraint held on projection light rays
as described above, it 1s possible to identify a position and
a direction of a projection light ray from a few imaged

images robustly. In this method, 1t 1s possible to set, for
example, repeating certain times, an amount of a change 1n
a parameter for each repetition being less than a certain
threshold value, or the like, as a specified condition(s).
Furthermore, a constraint to be provided 1s not limited to the
alorementioned example, and it 1s also possible to provide,
for example, a symmetry of a projection light ray with
respect to an optical axis, as a constraint. Because 1t 1s
not possible to apply a repetitive solution as described
above 1n a case of a general constraint, a solution 1s obtained
by a generalized nonlinear optimization method with a
constraimt(s).

Moreover, even when 1t 1s not possible to apply to a
certain constraint to projection light rays, positions and
directions of projection light rays that are spatially adjacent
may be similar values 1n an optical system with a sufliciently
smooth change. In such a case, 1t 15 possible for the projec-
tion light ray identification part 18 to 1dentify a position and
a direction of a projection light ray in accordance with the
tollowing procedure at step 107.

First, an estimated value of a projection position of the
pattern for calibration 50 1s acquired that 1s estimated by the
reflection position estimation part 16. For the pattern for
calibration 350, characteristic points arranged 1n a tetragonal
lattice shape such as a checker pattern are used, wherein an
estimated value of a reflection position of a characteristic
point at the 1-th row and the j-th column 1n the k-th imaged
image, a direction cosine (umt vector imn a direction) of a
projection light ray corresponding to a characteristic point at
the 1-th row and the j-th column, and a passage position are
denoted as gk(i,1), €(1,7), and a(1,;). By using this, an evalu-
ation function indicated by the following formula (6):

(6)

M
> N = eli, peti, NTgeli, j)—ali, DI +Dle, a)
] 1

1s prepared.

A first term 1s a sum of squares ol a distance from a
straight line of a projection light ray to an estimated position
of a reflection position and a second term ®(e,a) 1s a
regularization term. It 1s possible to provide a penalty to
smoothness of a direction cosine or a passage position of a
projection light ray. For example, 1t 1s possible to set a sum
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of squares of a second order difference of a direction cosine
e(1,1) 1n an 1-direction like the following formula (7):

(7)

Ble.a)= ) > llei=1, )= 2e(i, ) +eli+1, pIF
Ed

It 1s also possible to consider a j-direction similarly, and
it 1s also possible to set a similar regularization term for a
passage position a(1,]). €(1,1) and a(1,]) are obtained by using,
thus prepared regularization term dP(e,a) so as to minimize
the aforementioned formula (6), and thereby, it 1s possible to
obtain a projection light ray with a direction and position
that are spatially smoothly changed.

Here, for minimization of the atlorementioned formula (6),
it 1s possible to use a non-linear optimization method such
as a steepest descent method or a Newton’s method.

As described above, 1t 1s possible to i1dentily a position
and a direction of a projection light ray from a few 1maged
images robustly by minimizing a distance from a straight
line to an estimated value of a retlection position of each
projection light ray and an amount of a change 1n a position
and a direction of each projection light ray.

As the projection light ray 1dentification part 18 1dentifies
a position and a direction of a projected light ray 1n accor-
dance with any procedure described above, the process goes
to step 108.

At step 108, the projection light ray correction part 19
corrects a position and a direction of a projection light ray
that are identified by the projection light ray identification
part 18. For a method of correction, it 1s possible to utilize
a filtering process. Herein, similarly to the aforementioned
third embodiment, characteristic points are arranged in a
tetragonal lattice shape, and a direction cosine e(1,]) and a
passage position a(1,]) of a projection light ray correspond-
ing to a characteristic point at the 1-th row and the j-th
column have been obtained.

For this matter, 1t 1s possible to execute smoothing so as
to reduce an error by applying, for example, a filter with
coellicients 1llustrated in FIG. 8. A filter to be applied 1s not
limited to a linear filter, and for example, it 1s possible to
hold a steep change and execute smoothing by applying a
non-linear filter such as a median filer, an e-filter, or bilateral
f1lter.

In accordance with the procedure described above, a
position and a direction (an equation of a straight line 1n a
three-dimensional space) of a projection light ray (straight
line) are acquired as parameters for each picture element
corresponding to a characteristic point of the pattern for
calibration 50 and stored in appropriate storage means (for
example, the storage part 13).

In a three-dimensional measurement after calibration, a
measurement 1s conducted by using the aforementioned
pattern for calibration 50 as a pattern for measurement 50.
Specifically, the pattern for measurement 50 1s projected
from the projection device 200 onto an object with an
unknown shape and this 1s 1imaged by the imaging device
300. Herein, a point of intersection between a first straight
line represented by an equation of a projection light ray
relating to a picture element corresponding to a character-
istic point of the pattern for measurement 30 and a second
straight line (1maged light ray) passing through an imaging
center and a position of an 1maged picture element of the
imaging device 300 that corresponds to the characteristic
point 1s obtained as a three-dimensional position of an object
with an unknown shape (a projected 1image corresponding to
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the aforementioned characteristic point of the pattern) (in a
case where the two straight lines do not 1ntersect, a point of
intersection 1s estimated by a midpoint method).

Here, a coetlicient of an equation of a projection light ray
relating to a picture element corresponding to a character-
istic point of the pattern for calibration 50 may be linearly
interpolated or the like to estimate an equation of a projec-
tion light ray relating to another picture element (an element
other than the picture element to the characteristic point of
the pattern for calibration 50) and use this as a parameter.
Thus, 1f equations of projection light rays relating to all the
picture elements on a projection coordinate system are
obtained as parameters, it 1s possible to conduct a three-
dimensional measurement that uses an arbitrary pattern
other than a projection pattern used for calibration.

Moreover, 1f a pattern 70 with a contrast that changes 1n
a sine wave form, as illustrates 1n FIG. 9, 1s used as a pattern
for calibration, it 1s possible to obtain equations of projection
light rays relating to all the picture elements on a projection
coordinate system.

Specifically, the pattern 70 1s 1maged more than once
while being shifted from side to side, and a phase of a sine
wave 1s estimated for each picture element of an imaged
image. Similarly, the pattern 70 1s imaged more than once
while being shifted up and down on a condition of being
rotated by 90 degrees, and a phase of a sine wave 1s
estimated for each picture element of an 1maged 1mage. As
a result, 1t 1s possible to provide correspondence between all
the picture elements that compose the pattern 70 and picture
clements of an 1imaged 1image (a phase shift method). In this
case, 1f the alforementioned procedure 1s executed while all
the picture elements that compose the pattern 70 are
regarded as characteristic points of a pattern for calibration
as described above, 1t 1s possible to obtain equations of
projection light rays relating to all the picture elements on a
projection coordinate system as parameters. Then, 1n this
case, similarly, 1t 1s also possible to conduct a three-dimen-
sional measurement that uses an arbitrary pattern other than
a projection pattern used for calibration.

Although embodiments of the present invention have
been described above, the present invention 1s not limited to
the aforementioned embodiments.

First, a drawn pattern that 1s provided on an object for
calibration as a characteristic point and the pattern for
calibration 50 that 1s projected onto the object for calibration
are not limited to the atorementioned examples, wherein a
checker pattern and a circular pattern may be used for an
object for calibration and a pattern for calibration and an
identical pattern may be used for an object for calibration
and a pattern for calibration. Otherwise, as long as 1t 1s
possible to specily arrangement ol a characteristic point
preliminarily, any pattern may be provided such as random
dots or a natural image.

Furthermore, 1t 1s also possible to use a polyhedral object
for calibration instead of providing a characteristic point of
an object for calibration as a drawn pattern. In this case, 1t
1s possible to use each apex of a polyhedron as a charac-
teristic point instead of a drawn pattern.

Otherwise, a scope of embodiments that could be sup-
posed by a person skilled 1n the art 1s included 1n the scope
of the present invention as long as an action and an effect of
the present invention are provided.

It 1s possible to realize each function of the aforemen-
tioned embodiments by a program that 1s written in C, C++,
C#, Java (registered trademark), or the like and 1s capable of
being executed by a device, and 1t 1s possible for a program
in the present embodiment to be stored 1n and distributed by
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a recording medium that 1s capable of being read by a
device, such as a hard disk device, a CD-ROM, an MO, a

DVD, a flexible disk, an EEPROM, or an EPROM, and
turther, 1t 1s possible for the program to be transmitted
through a network i a form {feasible for use by another
device.

[ Appendix]

<An Illustrative Embodiment(s) of a Calibration Device,
a Method, and a Program>

At least one 1llustrative embodiment of the present inven-
tion may relate to at least one of a calibration device, a
method, and a program.

An object of at least one 1llustrative embodiment of the
present invention may be to provide a device, method, and
program for calibrating a three-dimensional measurement
device that uses a projection device that has an optical
system diflering from a pinhole camera model.

As a configuration for calibrating a three-dimensional
measurement device that uses a projection device that has an
optical system differing from a pinhole camera model, at
least one 1llustrative embodiment of the present mmvention
may be a calibration device that includes pattern-for-cali-
bration projection means for controlling a projection device
to project a pattern for calibration onto a three-dimensional
object for calibration that has a plurality of characteristic
points, object-for-calibration 1maging means for controlling
an 1maging device to acquire a plurality of imaged 1mages
wherein the three-dimensional object with the pattern for
calibration projected thereon 1s imaged from a plurality of
imaging directions, position attitude estimation means for
estimating a relative position and attitude of the imaging
means with respect to the three-dimensional object based on
positions ol the characteristic points of the three-dimen-
sional object on the plurality of 1imaged images, reflection
position estimation means for estimating reflection positions
of projection light rays corresponding to characteristic
points of the pattern for calibration on the three-dimensional
object based on positions of the characteristic points of the
pattern for calibration and the relative position and attitude
of the 1maging means being estimated, for each imaged
image, and projection light ray identification means for
identifying positions and directions of the projection light
rays corresponding to the characteristic points of the pattern
tor calibration based on a plurality of the reflection positions
estimated for the plurality of imaged images.

[lustrative Embodiment (1) 1s a calibration device that
includes pattern-for-calibration projection means for con-
trolling a projection device to project a pattern for calibra-
tion onto a three-dimensional object for calibration that has
a plurality of characteristic points, object-for-calibration
imaging means for controlling an imaging device to acquire
a plurality of imaged 1mages wherein the three-dimensional
object with the pattern for calibration projected thereon is
imaged from a plurality of imaging directions, position
attitude estimation means for estimating a relative position
and attitude of the imaging means with respect to the
three-dimensional object based on positions of the charac-
teristic points of the three-dimensional object on the plural-
ity of 1imaged 1mages, retlection position estimation means
for estimating reflection positions of projection light rays
corresponding to characteristic points of the pattern for
calibration on the three-dimensional object based on posi-
tions of the characteristic points of the pattern for calibration
and the relative position and attitude of the imaging means
being estimated, for each imaged 1image, and projection light
ray 1dentification means for 1dentitying positions and direc-
tions of the projection light rays corresponding to the
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characteristic points of the pattern for calibration based on a
plurality of the retlection positions estimated for the plural-
ity of 1maged 1mages.

Illustrative Embodiment (2) 1s the calibration device as
described in Illustrative Embodiment (1), wherein the pro-
jection light ray 1dentification means fit a straight line on the
plurality of the reflection positions being estimated, by a
least squares method, to 1dentify the positions and directions
of the projection light rays.

[lustrative Embodiment (3) 1s the calibration device as
described in Illustrative Embodiment (1), wherein the pro-
jection light ray 1dentification means mimmize a distance of
the reflection position of each projection light ray from a
straight line under a constraint applied to the projection light
rays to 1dentify the positions and directions of the projection
light rays.

[lustrative Embodiment (4) 1s the calibration device as
described in Illustrative Embodiment (1), wherein the pro-
jection light ray 1dentification means mimmize a distance of
the retlection position of each projection light ray from a
straight line and amounts of changes 1n the position and
direction of each projection light ray to identify the positions
and directions of the projection light rays.

[lustrative embodiment (5) 1s the calibration device as
described 1 any of Illustrative Embodiments (1) to (4),
turther including projection light ray correction means for
applying a filtering process to the position and direction of
cach projection light ray.

[llustrative Embodiment (6) 1s a calibration method that
includes a step for controlling a projection device to project
a pattern for calibration onto a three-dimensional object for
calibration that has a plurality of characteristic points, a step
for controlling an 1maging device to acquire a plurality of
imaged 1mages wherein the three-dimensional object with
the pattern for calibration projected thereon 1s 1maged from
a plurality of imaging directions, a step for estimating a
relative position and attitude of the imaging means with
respect to the three-dimensional object based on positions of
the characteristic points of the three-dimensional object on
the plurality of 1maged 1mages, a step for estimating reflec-
tion positions of projection light rays corresponding to
characteristic points of the pattern for calibration on the
three-dimensional object based on positions of the charac-
teristic points of the pattern for calibration and the relative
position and attitude of the 1imaging means being estimated,
for each 1maged 1mage, and a step for identifying positions
and directions of the projection light rays corresponding to
the characteristic points of the pattern for calibration based
on a plurality of the reflection positions estimated for the
plurality of 1imaged images.

[lustrative Embodiment (7) 1s the calibration method as
described in Illustrative Embodiment (6), wherein the step
for 1dentitying positions and directions of the projection
light rays includes a step for fitting a straight line on the
plurality of the reflection positions being estimated, by a
least squares method, to 1dentify the positions and directions
of the projection light rays.

[llustrative Embodiment (8) 1s the calibration method as
described in Illustrative Embodiment (6), wherein the step
for 1dentifying positions and directions of the projection
light rays includes a step for mimimizing a distance of the
reflection position of each projection light ray from a
straight line under a constraint applied to the projection light
rays to 1dentity the positions and directions of the projection
light rays.

[lustrative Embodiment (9) 1s the calibration method as
described in Illustrative Embodiment (6), wherein the step
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for 1dentifying positions and directions of the projection
light rays includes a step for minimizing a distance of the
reflection position of each projection light ray from a
straight line and amounts of changes in the position and
direction of each projection light ray to identily the positions
and directions of the projection light rays.

Hlustrative embodiment (10) 1s a computer-executable
program for causing a computer to execute each step in the
method as described 1n any of

[lustrative Embodiments (6) to (9).

According to at least one illustrative embodiment of the
present invention, 1t may be possible to provide a device,
method, and program for calibrating a three-dimensional
measurement device that uses a projection device that has an
optical system differing from a pinhole camera model.

Although the illustrative embodiment(s) and specific
example(s) of the present invention have been described
with reference to the accompanying drawing(s), the
present invention 1s not limited to any of the illustrative
embodiment(s) and specific example(s), and the illustrative
embodiment(s) and specific example(s) may be altered,
modified, or combined without departing from the scope of
the present invention.

The present application 1s based on and claims the benefit
of priority to Japanese Patent Application No. 2013-0533551
filed on Mar. 15, 2013, the entire content of which 1s herein
incorporated by reference.

What 1s claimed 1s:

1. A calibration device, comprising:

circuitry configured to

control a projection device to project a pattern for
calibration onto a three-dimensional object for cali-
bration that has a plurality of characteristic points,

control an 1maging device to acquire a plurality of
images, wherein the three-dimensional object with
the pattern for calibration projected thereon 1is
imaged by the imaging device from a plurality of
imaging directions by changing positions of the
imaging device relative to the three-dimensional
object while the three-dimensional object remains
fixed, the changing of positions of the 1maging
device being performed 1n response to a determina-
tion whether a predetermined number of 1images have
already been acquired,

estimate a relative position and attitude of the imaging
device with respect to the three-dimensional object
based on positions of the characteristic points of the
three-dimensional object on the plurality of images,

estimate retlection positions of projection light rays
corresponding to characteristic points of the pattern
for calibration on the three-dimensional object based
on positions of the characteristic points of the pattern
for calibration and the relative position and attitude
of the 1imaging device being estimated, for each
image, and

identify positions and directions of the projection light
rays corresponding to the characteristic points of the
pattern for calibration based on a plurality of the
reflection positions estimated for the plurality of
1mages.

2. The calibration device as claimed 1n claim 1, wherein
the circuitry 1s configured to fit a straight line on the plurality
ol the reflection positions being estimated, by a least squares
method, to identily the positions and directions of the
projection light rays.

3. The calibration device as claimed in claim 1, wherein
the circuitry 1s configured to minimize a distance of the
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reflection position of each projection light ray from a
straight line under a constraint applied to the projection light
rays to 1dentity the positions and directions of the projection

light rays.

4. The calibration device as claimed 1n claim 1, wherein
the circuitry 1s configured to minmimize a distance of the
reflection position of each projection light ray from a
straight line and amounts of changes 1n the position and
direction of each projection light ray to identify the positions
and directions of the projection light rays.

5. The calibration device as claimed i1n claim 1, wherein
the circuitry 1s configured to apply a filtering process to the
position and direction of each projection light ray.

6. A calibration method, comprising;:

controlling a projection device to project a pattern for

calibration onto a three-dimensional object for calibra-
tion that has a plurality of characteristic points;
controlling an 1maging device to acquire a plurality of
images, wherein the three-dimensional object with the
pattern for calibration projected thereon 1s 1maged by
the imaging device from a plurality of imaging direc-
tions by changing positions of the i1maging device
relative to the three-dimensional object while the three-
dimensional object remains fixed, the changing of
positions ol the imaging device being performed 1n
response to a determination whether a predetermined
number of 1mages have already been acquired;
estimating a relative position and attitude of the imaging
device with respect to the three-dimensional object
based on positions of the characteristic points of the
three-dimensional object on the plurality of images;
estimating reflection positions of projection light rays
corresponding to characteristic points of the pattern for
calibration on the three-dimensional object based on
positions of the characteristic points of the pattern for
calibration and the relative position and attitude of the
imaging device being estimated, for each image; and
identifying positions and directions of the projection light
rays corresponding to the characteristic points of the
pattern for calibration based on a plurality of the
reflection positions estimated for the plurality of
1mages.

7. The calibration method as claimed 1n claim 6, wherein
the 1dentifying of positions and directions of the projection
light rays includes fitting a straight line on the plurality of
the reflection positions being estimated, by a least squares
method, to identify the positions and directions of the
projection light rays.

8. The calibration method as claimed 1n claim 6, wherein
the 1dentifying of positions and directions of the projection
light rays includes minimizing a distance of the retlection
position of each projection light ray from a straight line
under a constraint applied to the projection light rays to
identify the positions and directions of the projection light
rays.

9. The calibration method as claimed 1n claim 6, wherein
the 1dentifying of positions and directions of the projection
light rays includes minimizing a distance of the reflection
position of each projection light ray from a straight line and
amounts ol changes in the position and direction of each
projection light ray to identify the positions and directions of
the projection light rays.

10. A non-transitory computer-readable recording
medium storing a computer program configured to cause a
computer to execute the calibration method as claimed 1n
claim 6.
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11. The calibration method as claimed in claim 6, further
comprising:
applying a linear filter to the position and direction of each
projection light ray.
12. The calibration method as claimed 1n claim 6, further 5
comprising;
applying a median filter to the position and direction of
cach projection light ray.
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